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Selective inhibitors of protein tyrosine phosphatases (PTPs) and dual-specificity phosphatases
(DSPs) are expected to be useful tools for clarifying the biological functions of the PTPs
themselves and also to be candidates for novel therapeutics. We planned a library approach
for the identification of PTP/DSP inhibitors in which 3-acyltetronic acid is used as a “core”
phosphate mimic. A series of novel tetronic acid derivatives were synthesized and evaluated
as inhibitors of the dual-specificity protein phosphatases VHR and cdc25B. Several compounds
are found to be potent inhibitors of cdc25B, which is a key enzyme for cell-cycle progression.
The promising results described herein strongly indicated that this tetronic acid library is potent
as a library focused on the PTP/DSP-selective inhibitor.

Introduction

Tyrosine phosphorylation of proteins is a fundamental
mechanism of intracellular signal transduction involved
in important cellular events such as cell growth and
differentiation.1 The phosphorylation states of proteins
are strictly controlled by various protein tyrosine ki-
nases (PTKs) and protein tyrosine phosphatases (PTPs).
PTPs represent a diverse family of enzymes that exist
as integral membrane and nonreceptor forms. Disorders
of PTPs are likely to be related to several serious
diseases such as cancers, autoimmune diseases, and
diabetes, and the characterization of PTPs involved in
such diseases is an important focus in biological re-
search. Selective inhibitors of each PTPs are expected
to be not only useful tools for clarifying the biological
functions of the PTPs themselves but also candidates
for novel therapeutics. In contrast to the findings of
various specific inhibitors of protein kinases and protein
serine/threonine phosphatases (PPs), until recently, only
a limited number of compounds have been reported to
be inhibitors of PTPs. Vanadate and phenyl arsine oxide
(PAO) have been commonly used as PTP inhibitors in
biological research; however, they inhibit almost all
PTPs nonselectively only at relatively high concentra-
tions and also inhibit other enzymes such as ATPase.
As a result, they are highly toxic. Recent progress in
biological research on PTPs has encouraged screening
of PTP inhibitors, and several natural products and
synthetic compounds, including many peptide or pep-
tide-like compounds containing phosphonate or carboxy-

late, have been reported.2,3 Most of these, however,
likely have at least some problems regarding enzyme
specificity, chemical and biological stability, and cell
permeability.

Recently, among the PTPs, a group of enzymes that
dephosphorylate both phosphotyrosine and phospho-
serine/threonine have attracted increased attention. In
particular, cdc25 phosphatases (cdc25A, -B, and -C) are
considered to be important members of a family of dual-
specificity phosphatases (DSPs) known to be key en-
zymes in cell-cycle progression. Cdc25 dephosphorylates
and activates cyclin-dependent kinases. Several efforts
to find effective cdc25 inhibitors have been reported. The
first natural products reported to inhibit cdc25B were
dnacin A1 and B1 (IC50 ) 141 and 64.4 µM), but these
compounds are also known to cause DNA damage.4
Next, dysidiolide (IC50 ) 9.4 µM)5 and other synthetic
carboxylic acid derivatives were reported to inhibit
cdc25s with IC50 of micromolar orders.6 The develop-
ment of more potent inhibitors of cdc25 is still in great
demand.

To find a selective inhibitor of cdc25 and also other
biologically important PTPs/DSPs, we planned a focused
library approach based on the structural feature of
PTPs/DSPs. Catalytic sites of PTPs and DSPs share the
highly conserved loop structure, C(X)5R, which is thought
to interact with the phosphate residue of phosphoty-
rosine. Figure 1 shows hydrogen bonds between the
phosphate anion and NH groups of the amides in the
loop structure, which was revealed by X-ray crystal-
lography.7 On the other hand, each enzyme has a unique
structure surrounding the catalytic site that is expected
to recognize amino acid residues of its specific substrate.
The development of a library of compounds having a
“core” structure that can interact with the conserved
loop region instead of phosphate and having “various”
substituents that may interact with the unique region
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of each enzyme would be a good approach for identifying
possible PTP/DSP selective inhibitors. A few library
approaches to the identification of PTP inhibitors have
been reported in which phosphonate or carboxylate
seems to be used as “core” phosphate mimics.8 Since
phosphonate and carboxylate are known to interact with
an active site of metallophosphatases, including PPs,2b

we planned to find a novel “core” structure that can
specifically interact with the active-site loop of PTP/
DSP. Among the natural products reported to be inhibi-
tors of PTPs, we picked up a tetronic acid derivative,
RK-682 (1). RK-682 has been reported to inhibit a DSP,
VHR (vaccinia VH1-related phosphatase), and a PTP,
CD45 but not Ser/Thr protein phosphatase, PP1.9 Since
our kinetic analysis of VHR inhibition by RK-682
showed a competitive mode, the highly acidic 3-acyl-
tetronic acid group could conceivably act as a phosphate
mimic and might therefore be a candidate for the “core”
structure that can distinguish the active-site structures
of PTPs/DSPs from those of PPs. Accordingly, we
decided to synthesize a library of tetronic acid deriva-
tives with various substituents at C3 and C5 positions.

Here, we report the synthesis and structure-activity
relationship (SAR) of the library of tetronic acid deriva-
tives in relation to the inhibition of the dual-specificity
phosphatases VHR10 and cdc25B.11

Chemistry

We have already reported an asymmetric synthesis
of RK-682 (1), its enantiomer (ent-1), and its side chain
analogues 2 and 3, as well as the determination of their
absolute stereochemistry.12 Schemes 1 and 2 summarize
the synthesis of various tetronic acid derivatives. 3-Car-
bamoyl derivative 4 was synthesized from 5 according
to a procedure similar to that used in the synthesis of
compounds 1-3. More specifically, 6d (R1 ) NH(CH2)13-
CH3) was first prepared and then condensed with 5 by
the treatment of silver trifluoroacetate. A tetronic acid
ring was constructed by treatment with tetrabutyl-
ammonium fluoride (TBAF) and followed by deprotec-
tion of the trityl group, affording 4. 3-Thiocarbonyl
derivative 7 was prepared from the corresponding
malonic acid half-thioester 8. Furthermore, a wide
variety of 3-alkoxycarbonyltetronic acid derivatives 11-
22 were synthesized in good yields by the reaction of a
common intermediate 10, prepared from 5 and 9, with
the corresponding alcohols, followed by treatment of
TBAF and HCl. 5-Acyloxymethyl derivatives 23-30
were prepared by the acylation of 1, 11, or 13. 4-Meth-
oxy derivatives 31 and 32 were obtained by the treat-
ment of 1 and 11 with diazomethane. Mesylate 33 was

also prepared, and subsequent elimination gave the exo-
methylene derivative 34. 5-Methyl and 5-unsubstituted
derivatives 35 and 36 were synthesized from methyl (R)-
lactate and methyl glycolate, respectively, in a manner
similar to the synthesis of 1.

Figure 1.

Scheme 1a

a (a) CF3COOAg, THF, 6a (R1 ) (CH2)14CH3), 6b (R1 ) (Z)-
(CH2)7CHdCH(CH2)7CH3), 6c (R1 ) (E)-CHdCHC6H5), or 6d (R1

) NH(CH2)13CH3). (b) Bu4NF, THF. (c) 1 N aqueous HCl, MeOH
(1, 75%; 2, 64%; 3, 43%; 4, 61%, three steps from 5). (d) DCC,
CH2Cl2, 8 (67%) or 9 (10, 97%). (e) Bu4NF, THF. (f) 1 N aqueous
HCl, MeOH (7, 50%, two steps). (g) R2OH, CF3COOAg, THF. (h)
Bu4NF, THF. (i) 1 N aqueous HCl, MeOH (11, 63%; 12, 28%; 13,
58%; 14, 58%; 15, 40%; 16, 38%; 17, 51%; 18, 57%; 19, 71%; 20,
64%; 21, 52%; 22, 78%, three steps from 10).

Scheme 2a

a (a) Acylating reagent, pyridine, CH2Cl2 (Ac2O; DMAP; 23, 98%;
24, 99%; CH3(CH2)8COCl; 25, 56%; 26, 75%; 3-C6H5CO-C6H4COCl;
27, 71%; 4-C6H5CO-C6H4COCl; 28, 24%; 4-CF3C(NdN)-C6H4COCl;
29, 35%; EtOCOCN2COCl; 2,6-lutidine; 30, 60%). (b) CH2N2, THF
(31, 56%; 32, 93%). (c) MsCl, NEt3, DMAP, CH2Cl2 (33, 64%). (d)
0.1 N NaOH, THF (34, 100%). (e) 6a, CF3COOAg, THF. (f) Bu4NF,
THF (35, 72%; 36, 24%, two steps).

Tetronic Acid Library Journal of Medicinal Chemistry, 2001, Vol. 44, No. 20 3217



Results and Discussion
To evaluate our hypothesis that acyltetronic acid

would bind to the active-site loop and that substituents
at C3 and C5 would interact with the surrounding
unique regions, we first examined the structure-activ-
ity relationships of these compounds as VHR inhibitors.
Recently, VHR was found to dephosphorylate and
inactivate ERKs, which are members of the MAPK
family, and to play an important role in cell prolifera-
tion.10c Assays were performed using a recombinant
VHR protein13 and p-nitrophenyl phosphate (pNPP) as
a substrate, and the results are summarized in Table
1. Conversion of the ketone at the C3 position in RK-
682 to the ester (11) or thioester (7) did not affect the
inhibition of VHR, but conversion to amide (4) slightly
decreased inhibition. The amide group would restrict
the conformational flexibility of the side chain and, as
a result, could decrease the participation of the active
conformer. Examination of a series of side chain ana-
logues 11-22 indicated the importance of the hydro-
phobic side chain at the C3 position for the inhibition
of VHR. Analogues with shorter side chain than C12 (3,
13-17, and 22), including those that were phenyl-,
cyclohexyl-, or fluorine-substituted, showed negligible
inhibition. The unsaturated C18 side chain analogues
19-21 exhibited lower levels of inhibitory activity than
11. The introduction of an allyloxycarbonylamino group
to the end of the C16 hydrophobic chain (18) drastically
decreased the activity. Methylation of the enol group
at the C4 position almost abolished the activity (31 and
32), emphasizing the importance of the free tetronic acid
moiety. Modification of the C5-hydroxymethyl group
affects the activity. Compounds having various substi-
tuted benzoyl groups (27-29) indicated significant
increased inhibition of VHR compared to RK-682,
whereas those having the long chain acyl group (25 and
26) exhibited lower levels of inhibition. The hydroxyl
group at the C5 position itself does not seem to have
any positive interaction with the enzyme because re-
moval of the hydroxyl group did not affect activity (34-
36). Furthermore, a preliminary molecular modeling
study based on the reported crystal structure of VHR14

was performed. These results supported our original
hypothesis that the dissociated 3-acyltetronic acid anion
can act as a “core” and tightly binds to the active-site
loop by multiple hydrogen bondings (Figure 2). The
hydrophobic side chain at the C3 position would be
located in a relatively hydrophobic groove, and the

5-substituent can be oriented in the direction of the
other possible recognition site for the substrate peptide.
Inhibition of the Ser/Thr phosphatases, PP1, PP2A, and
PP2C, was also tested for several compounds (1, ent-1,
2, 3, 7, 12-15, 19-22, and 33), and as expected, none
of them showed significant inhibition up to 100 µM.
These results indicated that the tetronic acid library is
quite potent as a focused library oriented to the PTP/
DSP-selective inhibitor.

We next examined the inhibition of cdc25B. Cdc25B
is known to be a key enzyme for cell-cycle progression
that selectively activates the cdc2-cyclin B complex by
dephosphorylating both Tyr-15 and Thr-14 of cdc2,
causing entry into the M phase.10 Among the cdc25s,
overexpression of cdc25B is known to be most well
correlated to the malignancy of tumor cells, suggesting
the importance of this enzyme in tumor progression.
Thus, a specific inhibitor of cdc25B would be a candidate
for a mechanistically distinct anticancer drug. Table 2
summarizes the IC50 values for the inhibition of cdc25B.
Assays were performed using recombinant cdc25B and
3-O-methylfluorescein phosphate (OMFP) as a sub-
strate. We were pleased to find that compounds 27-30
show quite a potent inhibition of cdc25B, with IC50
values of 0.38-0.6 µM.15 It is also noteworthy that the
following differences were observed in SAR for cdc25B
and in that for VHR. (1) Long-chain hydrophobic sub-

Table 1. Inhibition of VHR

compound IC50 (µM) compound IC50 (µM)

1 11.6 ( 0.0 21 23.2 ( 0.6
ent-1 11.7 ( 0.4 22 >250
2 11.5 ( 0.5 23 12.8 ( 0.6
3 >100 24 11.1 ( 0.4
4 23.9 ( 1.0 25 37.9 ( 2.0
7 11.5 ( 0.4 26 37.2 ( 0.1
11 14.5 ( 0.6 27 4.0 ( 0.3
12 120 ( 0.0 28 4.6 ( 0.2
13 >250 29 4.7 ( 0.1
14 >250 30 12.4 ( 0.0
15 >250 31 >250
16 >250 32 >100
17 >250 33 9.2 ( 0.0
18 >250 34 9.5 ( 0.0
19 31.3 ( 0.3 35 10.6 ( 0.0
20 39.5 ( 0.9 36 14.4 ( 1.0

Figure 2. Model of 3-acetyl-5-hydroxymethyltetronic acid
anion bound to VHR.

Table 2. Inhibition of Cdc25B

compound IC50 (µM) compound IC50 (µM)

1 2.2 ( 0.0 21 1.6 ( 0.3
ent-1 5.1 ( 0.3 22 >125
2 0.90 ( 0.03 23 2.2 ( 0.1
3 32.1 ( 3.8 24 6.2 ( 0.2
4 7.9 ( 0.8 25 1.2 ( 0.2
7 3.6 ( 0.2 26 3.0 ( 0.2
11 18.0 ( 0.9 27 0.38 ( 0.02
12 11.5 ( 0.9 28 0.52 ( 0.03
13 35.0 ( 0.4 29 0.6 ( 0.0
14 100.8 ( 8.0 30 0.40 ( 0.0
15 26.2 ( 0.1 31 >125
16 >125 32 >125
17 >125 33 1.4 ( 0.1
18 22.9 ( 0.3 34 1.1 ( 0.0
19 2.0 ( 0.0 35 3.7 ( 0.3
20 3.3 ( 0.2 36 3.0 ( 0.1
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stituents at the C3 position are not as critical as for
VHR (1 vs 12-18). (2) O-substitution at the R-position
of the C3-acyl group is unfavorable for cdc25 compared
to VHR (1 vs 11). (3) A long-chain hydrophobic sub-
stituent at the C5 position increased inhibition of cdc25
(1 vs 25), an effect opposite to that observed in the case
of VHR. (4) Introduction of the diazomalonyl group
improved inhibition of cdc25B, although no difference
was observed in the inhibition of VHR (1 vs 30). As a
result, compound 30 exhibited a strong inhibition of
cdc25B (IC50 ) 0.4 µM) and a 30-fold preference for
cdc25B compared to VHR. To our knowledge, 27-30 are
the most potent class of inhibitors among the reported
cdc25 inhibitors.6

We also tested the inhibition of PTP-S216 as an
example of tyrosine phosphatase. As shown in Table 3,
the tetronic acid derivatives showed distinct profiles for
the inhibition of PTP-S2. The potent cdc25B inhibitors
27-30 did not show any inhibition at the highest
concentration used (depending on their solubility in
assay solution), indicating high selectivity of these
compounds. But it is noteworthy that some compounds
such as 2 inhibited PTP-S2 with a reasonable IC50 value
(11 µM).

Conclusions

A series of novel tetronic acid derivatives related to
RK-682 were synthesized and evaluated as inhibitors
of the dual-specificity protein phosphatases VHR and
cdc25B. Despite only a limited type and number of
compounds being synthesized and tested, several com-
pounds were found to be stronger inhibitors of these
DSPs than the parent natural product, RK-682. Com-
pounds 27-30 inhibited cdc25B more potently than
known inhibitors. Compound 30 also showed a 30-fold
selectivity for cdc25B compared to the closely related
DSP, VHR. Because of the ambiguous kinetics observed
with cdc25B,15 whether the tetronic acid “core” simply
binds to the active site of this enzyme as we expected
is not definitive. However, the promising results de-
scribed herein strongly indicated that this tetronic acid
library is quite potent as a library focused on the PTP/
DSP-selective inhibitor. Expansion of the library and
research to find more powerful and highly selective
inhibitors of cdc25 and several other therapeutically
important PTPs/DSPs are currently underway.

Experimental Section
General Methods. Infrared (IR) spectra were measured

on a JASCO FT/IR-5300 spectrometer. 1H and 13C NMR
spectra were recorded with a Bruker AM-400 and AC-200P
or AVANCE 500 NMR spectrometer with tetramethylsilane
used as an internal standard. Mass spectra (MS) were obtained
with a Hitachi M-80B mass spectrometer using an electronic
ionization method unless mentioned otherwise. Optical rota-
tion was measured on a Horiba SEPA-200 polarimeter. In
general, reactions were carried out under anhydrous conditions
in dry solvents under argon atmosphere. The purity of the
target compounds was determined to be more than 95% based
on the 1H NMR spectral analysis.

Synthesis of (R)-3-Hexadecanoyl-5-hydroxymethyl-
tetronic Acid (1). According to the procedure described in
the ref 12, 1 was synthesized from 5 and S-tert-butyl 3-oxo-
octadecanethioate (6a).

For preparation of 6b-6d, see Supporting Information.
Synthesis of (R)-5-Hydroxymethyl-3-[(Z)-9-octadece-

noyl]tetronic Acid (2). To a solution of S-tert-butyl (Z)-3-
oxo-11-icosenethioate (6b) (712 mg, 1.79 mmol) and 5 (650 mg,
1.79 mmol) in THF (2.0 mL) was added silver trifluoroacetate
(515 mg, 2.33 mmol), and the mixture was stirred at 23 °C for
5 h while being shielded from the light. The mixture was
diluted with ether, passed through a short silica gel column,
and concentrated. The residue was purified by silica gel column
chromatography (hexane/AcOEt, 10:1) to give methyl (R)-2-
[(Z)-3-oxo-11-icosenoyl]oxy-3-triphenylmethyloxypropionate (640
mg, 53%, a 5:1 mixture of keto and enol forms) as a colorless
oil. To a solution of this ester (640 mg, 0.96 mmol) in THF
(3.2 mL) was added tetrabutylammonium fluoride (TBAF, 1
M THF solution, 1.24 mL, 1.24 mmol), and the mixture was
stirred at 23 °C for 2 h. After the addition of TBAF (0.19 mL,
0.19 mmol), the mixture was further stirred overnight at 23
°C. The reaction was quenched by the addition of 6 N aqueous
HCl (0.26 mL, 1.57 mmol) and poured into ice-water; the
mixture was then extracted with ether. The organic layer was
washed with brine, dried (Na2SO4), and concentrated. The
residue was purified by silica gel column chromatography
(CHCl3/MeOH, 1:0 to 20:1). The combined and concentrated
fractions containing the desired product were redissolved in
AcOEt (100 mL), washed with 0.5 N aqueous HCl and water,
dried (Na2SO4), and concentrated to give (R)-3-[(Z)-9-octade-
cenoyl]-5-triphenylmethyloxymethyltetronic acid (563 mg, 92%)
as a pale-yellow oil. To a solution of this compound (512 mg,
0.80 mmol) in methanol (50 mL) was added 1 N aqueous HCl
(0.80 mL, 0.80 mmol), and the mixture was stirred at 23 °C
for 88 h. After removal of the solvent in vacuo, the residue
was purified by silica gel column chromatography (CHCl3/
MeOH, 1:0 to 20:1 to 10:1). The combined and concentrated
fractions containing the desired product were redissolved in
AcOEt (100 mL), washed with 0.5 N aqueous HCl and water,
dried (Na2SO4), and concentrated to give 2 (220 mg, 69%) as a
colorless solid. The overall yield from 5 was improved to 64%
(three steps) by omitting the column purification of methyl (R)-
2-[(Z)-3-oxo-11-icosenoyl]oxy-3-triphenylmethyloxypropion-
ate and (R)-3-[(Z)-9-octadecenoyl]-5-triphenylmethyloxymeth-
yltetronic acid.

Synthesis of (R)-5-Hydroxymethyl-3-[(E)-3-phenyl-2-
propenoyl]tetronic Acid (3) and (R)-5-Hydroxymethyl-
3-tetradecylcarbamoyltetronic Acid (4). Similar to the
synthesis of 2, compounds 3 and 4 were synthesized by the
reaction of 5 with S-tert-butyl (E)-3-oxo-5-phenyl-4-pentene-
thioate (6c) and N-tetradecyl-2-[(tert-butylthio)carbonyl]acet-
amide (6d), respectively (see Supporting Information).

Synthesis of (R)-5-Hydroxymethyl-3-(tetradecylthio)-
carbonyltetronic Acid (7). To a solution of 8 (234 mg, 0.74
mmol; for preparation, see Supporting Information) and 5 (206
mg, 0.57 mmol) in CH2Cl2 (1.5 mL) was added a solution of
DCC (152 mg, 0.74 mmol) in CH2Cl2 (1.5 mL) at 0 °C, and the
mixture was stirred at 0 °C for 1.5 h. After removal of
dicyclohexylurea by filtration, the filtrate was diluted with
AcOEt, washed with 5% aqueous NaHCO3, water, 1 N aqueous
HCl, and water, dried (Na2SO4), and concentrated. The residue

Table 3. Inhibition of PTP-S2

compound IC50 (µM) compound IC50 (µM)

1 >100 21 30.1 ( 1.1
ent-1 >100 22 >250
2 11.0 ( 0.4 23 >100
3 >100 24 >250
4 >100 25 >250
7 >100 26 >250
11 >50 27 >25
12 32.4 ( 4.9 28 >25
13 236.7 ( 7.0 29 >100
14 >180 30 >100
15 >250 31 >100
16 >250 32 >100
17 >250 33 >80
18 >250 34 >100
19 59.7 ( 18.0 35 >100
20 31.8 ( 8.4 36 >250
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was purified by silica gel column chromatography (hexane/
AcOEt, 10:1) to give methyl (R)-2-[(tetradecylthio)carbonyl]-
acetyloxy-3-triphenylmethyloxypropionate (326 mg, 67%) as
a colorless oil. To a solution of this ester (326 mg, 0.49 mmol)
in THF (1.6 mL) was added TBAF (1 M THF solution, 0.64
mL, 0.64 mmol), and the mixture was stirred at 23 °C for 64
h. During the reaction TBAF (0.10 mL after 2 h, 0.15 mL after
16 h, and 0.10 mL after 23 h) was further added to complete
the reaction. The reaction mixture was concentrated, and the
residue was purified by silica gel column chromatography
(CHCl3/MeOH, 20:1) to give crude (R)-3-(tetradecylthio)car-
bonyl-5-triphenylmethyloxymethyltetronic acid (274 mg). This
material was dissolved in methanol (26 mL), and 1 N aqueous
HCl (0.44 mL) was added. After being stirred at 23 °C for 90
h, the reaction mixture was concentrated. The residue was
purified by silica gel column chromatography (CHCl3/MeOH,
20:1 to 10:1) and then treated with 0.5 N aqueous HCl to give
7 (94.6 mg, 50%) as a colorless solid.

Synthesis of Methyl (R)-2-[(tert-Butylthio)carbonyl]-
acetyloxy-3-triphenylmethyloxypropionate (10). To a
solution of 9 (119 mg, 0.67 mmol) and 5 (188 mg, 0.52 mmol)
in CH2Cl2 (1.3 mL) was added a solution of DCC (139 mg, 0.67
mmol) in CH2Cl2 (0.5 mL) at 0 °C, and the mixture was stirred
at 0 °C for 2 h. After removal of dicyclohexylurea by filtration,
the filtrate was diluted with AcOEt, washed with 5% aqueous
NaHCO3, water, 0.5 N aqueous HCl, and water, dried (Na2-
SO4), and concentrated. The residue was purified by silica gel
column chromatography (hexane/AcOEt, 10:1) to give 10 (262
mg, 97%) as a colorless oil.

Synthesis of (R)-5-Hydroxymethyl-3-tetradecyloxy-
carbonyltetronic Acid (11). To a solution of 10 (233 mg, 0.45
mmol) and tetradecanol (96 mg, 0.45 mmol) in THF (4.0 mL)
was added silver trifluoroacetate (198 mg, 0.72 mmol), and
the mixture was stirred for 5 h at 23 °C while shielded from
light. The mixture was diluted with AcOEt, passed through a
short silica gel column, and concentrated to give methyl (R)-
2-(tetradecyloxycarbonyl)acetyloxy-3-triphenylmethyloxypro-
pionate as a pale-yellow oil. To a solution of this ester (280
mg, 0.43 mmol) in THF (1.4 mL) was added TBAF (1 M THF
solution, 0.56 mL, 0.56 mmol), and the mixture was stirred at
23 °C for 2 h. After addition of TBAF (0.09 mL) the mixture
was further stirred at 23 °C for 6.5 h. The reaction was
quenched by the addition of 4 N aqueous HCl and poured into
ice-water; the mixture was then extracted with AcOEt. The
organic layer was washed with brine, dried (Na2SO4), and
concentrated to afford (R)-3-tetradecyloxycarbonyl-5-triphen-
ylmethyloxymethyltetronic acid (475 mg) as a pale-yellow oil.
To a solution of this crude product in methanol (45 mL) was
added 1 N aqueous HCl (0.77 mL), and the mixture was stirred
at 23 °C for 111 h. After removal of the solvent in vacuo, the
residue was purified by silica gel column chromatography
(CHCl3/MeOH, 1:0 to 20:1 to 10:1). The combined and concen-
trated fractions containing the desired product were redis-
solved in AcOEt (50 mL), washed with 0.5 N aqueous HCl and
water, dried (Na2SO4), and concentrated to give 11 (105 mg,
63%) as a colorless solid.

Synthesis of 12-22. Similar to the synthesis of 11,
compounds 12-22 were synthesized from 10 and dodecanol
(28%, colorless solid), decanol (58%, colorless solid), octanol
(58%, colorless solid), 1H,1H,2H,2H-heptadecafluoro-1-decanol
(40%, colorless solid), benzyl alcohol (38%, colorless solid),
cyclohexyl alcohol (51%, pale-yellow amorphous solid), allyl
(16-hydroxyhexadecyl)carbamate (57%, colorless solid), (9Z,12Z)-
octadecadien-1-ol (71%, pale-yellow solid), (9Z,12Z,15Z)-octa-
decatrien-1-ol (64%, pale-yellow solid), (6Z,9Z,12Z)-octadeca-
trien-1-ol (52%, colorless solid), and (S)-â-citronellol (78%,
colorless solid), respectively.

Synthesis of (R)-5-Acetoxymethyl-3-hexadecanoyltet-
ronic Acid (23). To a solution of 1 (23.7 mg, 0.64 mmol) in
CH2Cl2 (3 mL) was added acetic anhydride (0.017 mL, 0.18
mmol), pyridine (0.017 mL, 0.21 mmol), and a catalytic amount
of DMAP, and the mixture was stirred at 23 °C for 28 h. The
mixture was poured into ice-water and extracted with AcOEt.
The organic layer was washed with 0.5 N aqueous HCl, water,

saturated aqueous NaHCO3, and water, dried (Na2SO4), and
concentrated. The residue was purified by silica gel column
chromatography (CHCl3/MeOH, 10:1) to give 23 (25.8 mg, 98%)
as a colorless solid.

Synthesis of (R)-5-Acetoxymethyl-3-tetradecyloxycar-
bonyltetronic Acid (24). Similar to the synthesis of 23,
compound 24 was synthesized from 11 (99%, colorless solid).

Synthesis of (R)-5-Decanoyloxymethyl-3-hexadecan-
oyltetronic Acid (25). To a solution of 1 (15.5 mg, 0.042
mmol) in CH2Cl2 (0.175 mL) was added decanoyl chloride
(0.017 mL, 0.084 mmol) and pyridine (0.007 mL, 0.087 mmol)
at 0 °C, and the mixture was stirred at 23 °C for 26 h. To this
mixture saturated aqueous NaHCO3 was added at 0 °C, and
the mixture was stirred at 23 °C for 20 min. The mixture was
acidified with 1 N aqueous HCl and extracted with CH2Cl2.
The organic layer was washed with brine, dried (Na2SO4), and
concentrated. The residue was purified by silica gel column
chromatography (CHCl3/MeOH, 50:1 to 20:1) to give 25 (12.4
mg, 56%) as a pale-yellow solid.

Synthesis of (R)-5-Decanoyloxymethyl-3-tetradecyl-
oxycarbonyltetronic Acid (26). Similar to the synthesis of
25, compound 26 was synthesized from 11 (75%, colorless
solid).

Synthesis of (R)-5-(3-Benzoylbenzoyl)oxymethyl-3-
hexadecanoyltetronic Acid (27). To a solution of 1 (19.3
mg, 0.052 mmol) in CH2Cl2 (0.40 mL) was added a solution of
3-benzoylbenzoyl chloride (19.4 mg, 0.079 mmol) in CH2Cl2

(0.15 mL) and pyridine (0.007 mL, 0.087 mmol) at 0 °C, and
the mixture was stirred at 23 °C for 3 h. After addition of a
solution of 3-benzoylbenzoic acid chloride (12.8 mg, 0.052
mmol) in CH2Cl2 (0.15 mL) and pyridine (0.004 mL, 0.049
mmol) at 0 °C, the mixture was further stirred at 23 °C for 1
h. The reaction mixture was quenched by the addition of
saturated aqueous NaHCO3 at 0 °C, stirred at 23 °C for 20
min, acidified with 1 N aqueous HCl, and extracted with CH2-
Cl2. The organic layer was washed with brine, dried (Na2SO4),
and concentrated. The residue was purified by silica gel column
chromatography (CHCl3/MeOH, 1:0 to 10:1) and then treated
with 0.5 N HCl to give 27 (21.3 mg, 71%) as a pale-yellow solid.

Synthesis of (R)-5-(4-Benzoylbenzoyl)oxymethyl-3-
hexadecanoyltetronic Acid (28). Similar to the synthesis
of 27, compounds 28-30 were synthesized from 1 and 4-ben-
zoylbenzoyl chloride (24%, pale-yellow solid), 4-(1-azi-2,2,2-
trifluoroethyl)benzoyl chloride (35%, pale-yellow solid), and
ethoxycarbonyldiazoacetyl chloride (60%, pale-yellow amor-
phous solid) (see Supporting Information).

Synthesis of (R)-3-Hexadecanoyl-5-hydroxymethyl-4-
methoxy-furan-2-(5H)-one (31). To a solution of 1 (30.0 mg,
0.081 mmol) in THF (0.5 mL) was added a solution of excess
diazomethane in Et2O at 23 °C, and the mixture was stirred
at 23 °C for 20 min. After addition of a small amount of acetic
acid to quench the excess diazomethane, the mixture was
diluted with AcOEt, washed with saturated aqueous NaHCO3,
dried (Na2SO4), and concentrated. The residue was purified
by silica gel column chromatography (CHCl3/MeOH, 50:1) and
then treated with 0.5 N HCl to give 31 (17.5 mg, 56%) as a
colorless amorphous solid.

Synthesis of (R)-5-Hydroxymethyl-4-methoxy-3-tet-
radecyloxycarbonyl-furan-2-(5H)-one (32). Similar to the
synthesis of 31, compound 32 was synthesized from 11 (93%,
colorless amorphous solid).

Synthesis of (R)-3-Hexadecanoyl-5-methanesulfonyl-
oxymethyltetronic Acid (33) and 3-Hexadecanoyl-5-
methylenetetronic Acid (34). To a solution of 1 (50 mg, 0.14
mmol) in THF (0.6 mL) were added methanesulfonyl chloride
(0.021 mL, 0.27 mmol), triethylamine (0.076 mL, 0.54 mmol),
and DMAP (8 mg, 0.07 mmol) at 23 °C, and the mixture was
stirred at 23 °C for 5 h. The mixture was poured into ice-
water and extracted with AcOEt. The organic layer was
washed with brine, dried (Na2SO4), and concentrated. The
residue was purified by silica gel column chromatography
(CHCl3/MeOH, 10:1) and then treated with 0.5 N HCl to give
33 (38 mg, 64%) as a pale-yellow solid. To a solution of 33 (13
mg, 0.03 mmol) in THF (2.0 mL) was added 0.1 N aqueous
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NaOH (1.0 mL), and the mixture was stirred at 23 °C for 69
h. The mixture was acidified with 1 N HCl to pH 1-2 and
extracted with AcOEt. The organic layer was washed with
brine, dried (Na2SO4), and concentrated. The residue was
purified by silica gel column chromatography (CHCl3/MeOH,
10:1) and then treated with 0.5 N HCl to give 34 (14 mg, 100%)
as a colorless solid.

Synthesis of (R)-3-Hexadecanoyl-5-methyltetronic Acid
(35). To a solution of 6a (400 mg, 1.08 mmol) and methyl (R)-
lactate (0.10 mL, 1.08 mmol) in THF (7.0 mL) was added silver
trifluoroacetate (240 mg, 1.08 mmol), and the mixture was
stirred overnight at 23 °C while shielded from light. After
addition of silver trifluoroacetate (100 mg, 0.45 mmol), the
mixture was stirred for 2 days at 23 °C. The mixture was
quenched by the addition of water, extracted with CH2Cl2,
dried (Na2SO4), and concentrated. The residue was purified
by silica gel column chromatography (hexane/AcOEt, 10:1) to
give methyl (R)-2-(3-oxo-octadecanoyl)oxypropionate (369 mg,
89%, a 2:1 mixture of keto and enol forms) as a colorless oil.
To a solution of this ester (224 mg, 0.58 mmol) in THF (1.0
mL) was added TBAF (1 M THF solution, 0.87 mL, 0.87 mmol),
and the mixture was stirred at 23 °C for 1 day. After addition
of TBAF (0.87 mL, 0.87 mmol), the mixture was further stirred
overnight at 23 °C. The reaction was quenched by the addition
of 1 N aqueous HCl (100 mL), and the mixture was then
extracted with CH2Cl2. The combined organic layers were
washed with brine, dried (Na2SO4), and concentrated. The
residue was purified by silica gel column chromatography
(CHCl3/MeOH, 30:1) and thin layer silica gel chromatography
and then was treated with 0.5 N aqueous HCl to give 35 (166
mg, 81%) as a pale-yellow solid.

Synthesis of 3-Hexadecanoyltetronic Acid (36). Similar
to the synthesis of 35, compound 36 was synthesized from 6a
and methyl glycolate (24%, pale-yellow solid; see Supporting
Information).

VHR Assays. VHR was overexpressed in E. coli and
purified. Assays were performed using pNPP as a substrate
at 37 °C in 50 mM succinate, 1 mM EDTA, 150 mM NaCl, pH
6.0, in the presence or absence of the compound. Immediately
after addition of purified VHR (0.6 µM) and pNPP (10 mM),
the reaction mixture (200 µL) was incubated at 37 °C for 3
min. The phosphatase reaction was then terminated by the
addition of 1 N NaOH (1 mL). The phosphatase activities were
measured as absorbance changes at 405 nm.

Cdc25B Assays. Cdc25B (aa 377-565) was overexpressed
as His6-tag-fusion protein in E. coli and purified. Assays were
performed using OMFP as a substrate at 37 °C in 100 mM
Tris, 1 mM DTT, 40 mM NaCl, 20% glycerol, pH 8.2, in the
presence or absence of the compound. Immediately after the
addition of purified cdc25B (0.04 µM) and OMFP (200 µM),
the reaction mixture (700 µL) was incubated at 37 °C for 20
min. The phosphatase reaction was then terminated by the
addition of 1 M MES (pH 5.5)-6 M guanidine (150 µL). The
phosphatase activities were measured as absorbance changes
at 477 nm.

Molecular Modeling. The initial structure generated by
docking 3-acetyltetronic acid anion to VHR manually was
optimized by molecular mechanics calculation using the
computer program Hyper-Chem (Hypercube Inc., Canada).
Further analysis of the 3D structure of the VHR-RK682 (1)
complex using molecular dynamics simulation will be pub-
lished elsewhere.
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